Objective: To compare the clinical outcomes after anterior cruciate ligament (ACL) reconstruction with bone-patellar tendon-bone autograft (BPTBAu), BPTB allograft (BPTBAll), or hamstring (semitendinosusgracilis) tendon autograft (HTAu), performing bone drilling with same methods in terms of transtibial drilling, orientation, positioning, and width of femoral and tibial tunnels.
INTRODUCTION
Anterior cruciate ligament (ACL) tears are one of the most common severe injuries in sports worldwide. Anterior cruciate ligament reconstructions can be performed using different techniques depending on the type of graft (autograft or allograft), the donor site [mainly the patellar tendon or the hamstring tendon (HT)], the morphology of the new ligament (single bundle or double bundle), the fixation of the graft, and the bone drilling method. The bone-patellar tendon-bone autograft (BPTBAu) is still the preferred method, although the use of HT autograft (HTAu) is rising in popularity. 1 The BPTBAu has bone plugs on each end of the graft that may provide an excellent fixation due to its rapid incorporation within bone tunnels. 2 Bone-to-bone attachment was suggested to offer greater knee stability compared with HT grafts, 3, 4 but no significant differences on knee laxity between both types of graft have been reported in the literature. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Less controversy exists with the fact that the BPTB ACL reconstruction can be associated with increased donor-site morbidity. 3, 8, 10, 13, 16, 17 Overall, the answer regarding which technique provides the best clinical outcomes in ACL reconstruction has not been determined. 15, [18] [19] [20] [21] [22] [23] Previous studies in ACL reconstruction with comparisons among the BPTBAu, BPTB allograft (BPTBAll), and HTAu have been conducted by several authors, but many of them neither mentioned the bone drilling method nor compared these 3 techniques in the same study. 15, 18, [24] [25] [26] [27] [28] [29] [30] [31] [32] Variations in bone drilling methods in terms of portal use, orientation (angulation of the tunnel), positioning (location of the entry point of the tunnel), and width of femoral and tibial tunnels (or variations in graft fixation as well) may introduce confounding factors when comparing the clinical outcomes among different surgical techniques. [33] [34] [35] [36] Taylor et al 34 recently published a comparative study between the use of BPTB and HTAu for ACL reconstruction using similar graft fixation techniques, but the position of the femoral tunnel in the sagittal plane was not exactly the same among the groups. Although femoral tunnels in these groups were drilled transtibially with similar coronal plane orientation, differences in the position of the tunnel in the sagittal plane may create a potential source of bias.
The purpose of this study was to compare the clinical outcomes after ACL reconstruction with the most commonly used grafts (BPTBAu, BPTBAll, or HTAu) while performing bone drilling with the same methods in terms of transtibial drilling, orientation, positioning, and width of femoral and tibial tunnels. It was hypothesized that the 3 groups would demonstrate no significant differences in the clinical outcomes.
MATERIALS AND METHODS
Between January 2004 and June 2006, all patients with a history and physical examination consistent with an ACL tear and confirmed with magnetic resonance imaging were approached for eligibility at 3 different institutions. All patients fulfilled the following inclusion criteria: (1) aged between adolescents with closed physes and 45 years old, (2) isolated ACL tear, (3) no associated meniscal tears or chondral lesions, and (4) no past injuries to the contralateral ACL. We applied restrictive inclusion criteria to minimize potential confounding factors and to compare a highly homogeneous sample. All patients gave consent to participate in this study, which was accepted by the institutional review board clearance in all the 3 centers before commencement.
A multicenter prospective cohort study (level II evidence) with a minimum follow-up of 24 months was conducted. Twenty-four months was considered enough time for both a safe return to sports and a ''ligamentization'' process to occur. 37, 38 Inclusion of patients was performed during the data collection period. However, in 1 center, this period was not enough to reach the minimum sample size to detect significant differences. In this case, the collection period was extended until a sufficient sample size was reached. Each institution was assigned to perform 1 of the 3 surgical techniques (BPTBAu, BPTB All, or HTAu) based on the presence of the surgeon with most experience in that technique.
The drilling of the femoral tunnel was performed through the transtibial technique with the same orientation (30°in the coronal plane from the vertical line), positioning (11-o'clock or 1-o'clock position), and width (8 mm) in all the groups (Figure) . This tunnel was performed with an offset femoral guide and positioned in the central point of the femoral ACL footprint. The tibial tunnel was positioned in the middle of the tibial ACL footprint, and it was done with an angle of 55°in the sagittal plane in all the patients. The fixation of the graft into both the femur and the tibia was performed with the use of bioabsorbable interference screws in BPTB groups. In the HT group, the femoral fixation was performed using the Rigid-Fix (DePuy Mitek, Raynham, Massachusetts) pins technique, whereas bioabsorbable interference screws were used for tibial fixation. An independent physician performed all postoperative assessments in all the 3 institutions.
Postoperative assessments of clinical and functional variables were obtained for each included patient. The main outcome of this study was the side-to-side differences in knee stability (healthy knee 2 operated knee) measured with the KT-1000 arthrometer (MEDmetric, San Diego, California), taken at manual maximum, and evaluated with neutral and external rotation positions, each 1 taken twice, 30 minutes apart. The patients laid down during the 30 minutes between both measures. All knees were conditioned with multiple anterior/posterior draw maneuvers before the final measure was taken. The value of knee stability was obtained by reading off the dial by the assessor. Other measures of side-to-side knee stability were also obtained through the subjective Lachman and pivot shift tests. The outcomes of the Lachman test were given as no, mild (1-5 mm), moderate (6-10 mm), or severe (.10 mm) side-to-side differences. The outcomes of the pivot shift test were also given as no, mild (glide), moderate (clunk), or severe (gross) side-to-side differences. The overall (subjective and objective components) International Knee Documentation Committee (IKDC) score was also assessed. Additionally, data on major symptoms [anterior knee pain, swelling, crepitation, and instability, reported as the presence (yes) or absence (no) of each 1], disturbance in knee sensation evaluated through palpation with a needle [reported as the presence (yes) or absence (no) of sensation], visual analogue scale (VAS) for satisfaction with surgery in a 0 to 10 scale (0 meaning worst and 10 meaning best results), and lack of active range of motion (ROM) were collected from the anamnesis and physical examination. The ROM was measured with a goniometer, and differences in .5°in either extension or flexion with respect to the contralateral side were considered abnormal [reported as the presence (yes) or absence (no) of complete ROM]. Flexion and extension were assessed separately in the supine position. The isokinetic knee strength was measured using the Biodex System 3 Isokinetic Dynamometer (Biodex Medical Systems, Shirley, New York). The patient was placed in the upright sitting-back position at approximately 80°, with fixed thorax, pelvis, and contralateral femur. The training protocol consisted of 5 repetitions at 60°per second and 10 repetitions at 180°per second for the knee extensors concentric/knee flexors concentric mode, and 5 repetitions for both angular velocities for the knee extensors eccentric/knee flexors eccentric mode. The warm-up included 5 minutes of static bike and 10 submaximal repetitions in concentric/eccentric mode (angular velocity 60°/s and 180°/s). The outcome measured for isokinetic knee strength was the peak torque (in newton meter), but the values were reported as the percentage of deficit in peak torque between the operated and healthy leg for both quadriceps and hamstrings [percentage of deficit in peak torque = (peak torque operated/peak torque healthy) x 100].
The rehabilitation protocol was standardized for all the 3 involved institutions. All patients began ROM exercises during the first postoperative week. The ROM progressively increased in the subsequent week until a complete ROM was reached by weeks 2 to 3. Strength training began with isometric exercises during the first postoperative week, progressively increasing the intensity until isokinetic exercises were incorporated by weeks 3 to 4. The patients began walking with 2 crutches in the first postoperative week, but 1 crutch was removed by week 2, and unassisted walk was allowed by week 4. Proprioceptive training through closed kinetic chains exercises began in the second postoperative week. Cycling and swimming activities were introduced by week 6, whereas jogging was not allowed until the third month. Sports were progressively introduced by the fifth postoperative month.
Statistical Analysis
Descriptive statistics were used to summarize the demographic characteristics of the 3 groups. A 1-way analysis of variance was used to compare quantitative demographic data among the groups. The x 2 statistical test was used for categorical variables, whereas Kruskal-Wallis test was used for quantitative variables. An intraobserver reproducibility analysis was conducted for the KT-1000 arthrometer measurement using the intraclass correlation coefficient (ICC). An ''a priori'' sample size calculation was performed in this study. This analysis was based on the main outcome knee stability KT-1000. The minimum difference being clinically relevant for anterior-posterior knee laxity (KT-1000 assessment) was established in 3 mm for either neutral or external rotation. Based on the previous literature, the mean of side-to-side differences in KT-1000 for BPTBAu, BPTBAll, and HTAu were 1.96 mm, 4.5 mm, and 2.5, with a sigma of 2. [19] [20] [21] [22] 32 This elicited a minimum sample size of 15 per group to detect significant differences among the groups at an alpha level of 0.05 (power of 80%). All statistical tests were performed using the SPSS version 15 (SPSS, Inc, Chicago, Illinois).
RESULTS
A total of 51 patients met the inclusion criteria (15 in the BPTBAu group, 16 in the BPTBAll group, and 20 in the HTAu group). The follow-up [mean (SD)] was 36 (8), 34 (5), 32 (6) months for the BPTBAu, BPTBAll, and HTAu groups, respectively. No patients declined participation in the study, and none were lost to follow-up. No significant differences in the demographic characteristics were found among the groups (Table 1) , including similar male to female ratios (P = 0.906). No statistically significant differences were found for the KT-1000, Lachman, and pivot shift tests among the groups, except for a slightly greater knee laxity measured through the KT-1000 in external rotation in the BPTBAu (mean side-to-side difference of 21.13 mm) compared with the BPTBAll (mean side-to-side difference of 0.38 mm) and HTAu groups (mean side-to-side difference of 0.05 mm) in the first of the 2 evaluations (Table 2) . No patients demonstrated moderate or severe side-to-side differences in the Lachman or pivot shift tests, neither graded C or D in the IKDC score. Sixty-five percent of values of the KT-1000 knee laxity were the same when comparing both measures taken 30 minutes apart (mean differences never above 1. No other statistically significant differences were found for major symptoms (anterior knee pain, swelling, crepitation, and instability), disturbance in knee sensation, lack of active ROM, the VAS for satisfaction with surgery, and isokinetic knee strength among the groups (Tables 3  and 4) . No disturbances in knee sensation were found in the allograft group, whereas we obtained disturbances in knee sensation in 3 and 2 patients in the BPTBAu and HTAu groups, respectively (P = 0.2). Fourteen patients (93.3%) in the BPTBAu group, 16 patients (100%) in the BPTBAll group, and 19 patients (95%) in the HTAu group demonstrated a complete ROM (P = 0.61). The mean VAS for satisfaction in all patients was 8.5.
DISCUSSION
The most important finding of this study was the absence of significant differences in any of the outcomes after ACL reconstruction with the most commonly used grafts (BPTBAu, BPTBAll, or HTAu) while performing bone drilling with the same methods in terms of transtibial drilling, and orientation, positioning and width of femoral and tibial tunnels. There are numerous studies comparing a wide variety of ACL reconstruction techniques, 15, [18] [19] [20] [21] [22] [23] 32 without a clear consensus on which one provides the best clinical outcomes. Unfortunately, many studies have not controlled for the influence of potential confounding factors, such as variations in the graft fixation or bone drilling methods. In addition, the level of evidence of studies dealing with ACL reconstruction and the control of potential sources of bias is not the best. 15 In the current study, we compared clinical outcomes after ACL reconstruction by use of the most commonly employed grafts (BPTBAu, BPTBAll, or HTAu) with the same operative methods. We conducted a multicenter prospective cohort study where no statistically significant differences in terms of knee stability, overall IKDC, knee symptoms, disturbances in knee sensation, satisfaction with surgery, ROM, and isokinetic knee strength were found among the groups.
The demographic characteristics of our sample are comparable with those from other studies. [18] [19] [20] [21] [22] [23] 32 In addition, the assessed clinical outcomes have been used in the majority of articles published in the ACL reconstruction literature. Although other authors have reported longer followup, 5, 11, 13, 14, 16, 24 a follow-up of 2 years may be considered long enough to report clinical outcomes in ACL reconstruction. 37, 38 In fact, most studies report the short-term and midterm instead of the long-term follow-up. 15, 32 The results of this study are consistent with the existing literature when analyzing both the BPTBAu-HTAu and the BPTBAll-BPTBAu comparisons. Other studies comparing the BPTBAu versus HTAu did not demonstrate statistically significant differences in the overall IKDC score, 5, [7] [8] [9] 14, 17 knee stability measures, [5] [6] [7] [8] [9] [10] [11] 14 ROM, 14, 17 and muscle strength and/or single-leg hop test. [5] [6] [7] [8] [9] 14, 17 Similarly, studies comparing the BPTBAu and BPTBAll did not find significant differences in the overall IKDC, 24, 26 knee stability measures, 26, 27, [29] [30] [31] 39 ROM, 24, 26, 27, [29] [30] [31] 39 and muscle strength and/or single-leg hop test. 24, 26, 30, 31, 39 The same conclusions can be drawn when considering the results of those studies using the same bone drilling method. [5] [6] [7] 16, 24 Controversial data do exist for some of these clinical outcomes. Feller and Webster 3 and Anderson et al 4 found significant differences in knee stability between the use of the BPTBAu and the HTAu techniques. However, caution must be taken when comparing these results with those obtained in the present study because the 2 studies were conducted using different bone drilling methods between the groups.
3,4 The absence of differences for disturbances in knee sensation and, in general, for donor-site morbidity between our study groups is only partially supported by the literature. 4, 5, 14 The majority of studies have found higher donor-site morbidity in the BPTBAu group compared with the HTAu group. *Values expressed as mean side-to-side differences in millimeters. †Percentage of patients with respect to whole group. +, mild (glide) side-to-side differences; 2, no side-to-side differences; A, normal; B, nearly normal; IKDC, International Knee Documentation Committee; n, number of patients. *Percentage of patients with respect to the whole group. †Assessed in a 0 to 10 scale, where 0 is worst result. AKP, anterior knee pain; CI, confidence interval; n, number of patients; VAS, visual analogue scale.
However, it was found that these differences may disappear with time. 15 Patients with BPTBAu complained of disturbances in knee sensation more than in the other 2 groups, although the difference was not found to be statistically significant.
In a recent comprehensive systematic review of randomized controlled trials in ACL reconstruction, Samuelsson et al 15 found no differences between the use of the BPTBAu or HTAu in terms of knee laxity, clinical outcomes, time to return to sports, patellofemoral crepitation, performance on the 1-leg hop test, ROM, thigh circumference, and anterior knee sensory deficits. The authors reported that the BPTBAu was found to possibly cause more knee osteoarthritis compared with the HT graft, but the latter had more tunnel widening compared with the former. Tunnel widening was not associated with poor clinical outcomes or laxity. 15 Although they reported an excellent and guiding review, data on bone drilling methods were not specifically considered in the data extraction sheet. Hence, the influence of this potential confounding factor in the reviewed studies remains unknown.
We are unable to explain why patients in the BPTBAu group demonstrated a greater KT-1000-measured knee laxity in external rotation during the first assessment because the tibial tunnel position was equal in each group. Nonetheless, the mean values in external rotation and those values during the second assessment were not statistically different. In addition, we believe that the existing difference in KT-1000 values in external rotation among the groups during the first assessment was not clinically relevant because group means were only differing in 1 mm. Also, the values obtained for the isokinetic knee strength are difficult to interpret. However, values of less than 15% for percentage of deficit of peak torque between both the operated and healthy legs are considered to be irrelevant. 40 Moreover, these are normal percentages of deficit for patients 1 year after the surgery of ACL reconstruction. 40 We believe that this study has several strengths. First, the design was conceived to control for potential confounding factors in the outcomes of ACL reconstruction. Essentially, this study attempted to systematize the bone drilling method in terms of same portal use, orientation (angulation of the tunnel), positioning (location of the entry point of the tunnel), and width of femoral and tibial tunnels among the groups. Modifications in bone drilling methods may affect knee laxity values. Second, the use of a homogeneous sample trying to isolate ACL tears from concomitant or past injuries in either the ipsilateral or contralateral knees also allowed the control of potential sources of biases. Beyond concerns of a potential decrease in the external validity, strict inclusion criteria may increase the internal validity and, therefore, the validity of the conclusions made from this sample. Third, the high intraobserver reproducibility for one of the most important outcomes (the objectively measured knee laxity) represents the lack of systematic errors in this relevant parameter.
On the other hand, we recognize 3 potential limitations to this study. First and foremost, the patients were not randomly assigned to the surgical treatment. However, we believe that the strict inclusion criteria and the absence of differences in the demographic characteristics among the groups may have restricted this limitation. In addition, by ensuring the most expertise for ACL reconstruction with each technique, the influence of experience-related variability was diminished. Second, although the sample size seems small, based on the sample size calculation, it was sufficient to detect significant differences with an alpha level of 0.05 and a power of 80%. Third, the fixation of the graft with the Rigid-Fix in the HT group may not be equivalent to interference screws used in the other 2 groups. However, the impact of this difference in our study may be limited for 2 main reasons. First, some authors have found no differences between the fixation of HT with the use of bioabsorbable pins or the interference screw. 41 Second, other parameters of ACL reconstruction influencing the clinical outcomes (morphology of the ligament and drilling methods) were defined and systematized to ensure equal conditions among 215.6 to 9.6 234.6 to 9.44 213.8 to 3.1 †Percentage of deficit of peak torque between the operated and healthy leg for both quadriceps and hamstrings. CI, confidence interval; IKS, isokinetic knee strength; n, number of patients. the 3 groups. The reason why the Rigid-Fix system was used in this study is based on the previous literature, where it was found that interference screws provided an inferior fixation for the HT graft compared with the BPTB graft. 42 The fact that controversial data do exist with this topic makes us consider that the different fixation methods is not a major concern.
CONCLUSIONS
We found no significant differences in any of the outcomes among the 3 groups. The use of all the 3 studied techniques elicited excellent clinical outcomes. The results of this study are consistent with those existing in the literature. The selection of the surgical technique for ACL reconstruction may be based on the surgeon's preferences and expertise.
